Pleistocene glaciations have played a major role in species divergence. The bushcricket Ephippiger ephippiger shows unusual patterns of intraspecific variation in multiple traits across Southern Europe. This is centred in Southern France, and evidence implies that it results from secondary contact after differentiation in Pleistocene refugia. However, the possible time scales involved, locations of the refugia and patterns of expansion remain obscure. This study sequenced the COII (507 BP) and cyt b (428 BP) mitochondrial genes to examine the intraspecific phylogeography of Western European samples of E. ephippiger. A minimum evolution tree revealed little resolution between described subspecies of E. ephippiger. Strikingly, populations from the Pyrenees and Mediterranean coastal region contained a complex genetic structure corresponding to major river valleys, independent of the traditional taxonomy. Samples of the subspecies E. e. vitium formed a distinct clade, perhaps supporting their taxonomic status. However, other forms (cruciger and cunii) were not genetically distinct, which is surprising given differences in their morphology and behaviour. The extent of the genetic divergence between Pyreneen valleys is unexpectedly deep, with average Tamura-Nei distances of around 14% (net distances of 11%) separating the main clades of coding COII sequences. Cyt b showed a similar pattern, but was confounded by some non-coding probable pseudogenes. If a conventional insect molecular clock is applied, these cryptic clades must predate the Pleistocene, and hypotheses for their history are discussed. However, mtDNA divergence in Ephippiger is not evolving in a clock-like manner, because a likelihood ratio test rejects clock assumptions for the COII sequences.
Introduction
Understanding the origin of intraspecific genetic variation is an essential step in the study of speciation. Recent (Pleistocene) ice ages have been a major factor shaping patterns of genetic variation within European species (Hewitt, 1996 (Hewitt, , 1999 (Hewitt, , 2000 (Hewitt, , 2004 Avise et al, 1998; Taberlet et al, 1998) , and glaciations are thought to have played a substantial role in patterning population divergence and speciation (Hewitt, 1996 (Hewitt, , 2004 . Numerous taxa show extensive intraspecific genetic variation, and many species consist of a mosaic of subspecies connected by areas of hybridisation (Hewitt, 1988 (Hewitt, , 1989 .
Oscillations in the Earth's orbit throughout the Quaternary period (1.6 Myr ago to the present) have led to repeated cycles of ice sheet advance and retreat that have prompted major range changes for most species in temperate climates (Hewitt, 1996; Taberlet et al, 1998) . This has created complex patterns of genetic variation in extant species, with genetic drift and selection in isolated refugia causing population divergence during cycles of allopatry (Hewitt, 1996) . There is evidence that subsequent postglacial expansion progressed via successive population bottlenecks, which can result in considerable genome reorganisation and divergence among populations (Armbruster et al, 1998; Hewitt, 2000; Clegg et al, 2002 ; but see Tregenza et al, 2002) . Secondary hybrid zones between populations may maintain this divergence through being partial barriers to gene flow, and mountain ranges often act as major barriers to migration. These processes can potentially lead to speciation over one or a few glaciations (Hewitt, 2000) . MtDNA analyses typically find genetic distances of a few per cent between sister species and subspecies, across mountain ranges or other barriers, conforming to Pleistocene or Pliocene divergence (Avise et al, 1998; Lovette, 2005) .
The saddlebacked bushcricket, Ephippiger ephippiger, shows unusual intraspecific variation in behaviour, morphology and genetic markers across Southern Europe. This variation is centred in Southern France (the Eastern Pyrenees and Mediterranean coast), and recent evidence suggests that it results from secondary contact after differentiation in Pleistocene refugia (Kidd and Ritchie, 2000; Ritchie et al, 2001) . However, the time scale, locations of refugia and patterns of expansion remain obscure. The extensive variation within the species has led to a series of taxonomic revisions, and the current taxonomy and evolutionary history of E. ephippiger is unclear. Three forms of E. ephippiger from Southern France were originally described as separate species: E. vitium (Serville 1831) in Western Europe, E. cunii (Bolivar 1837) in Catalonia (North-eastern Spain and South-west France) and E. cruciger (Fiebeg 1853) in the Languedoc (Mediterranean coast) (Harz, 1969) . Figure 1 shows their distributions. Subsequent studies found that none of these forms were reproductively isolated Ritchie, 2000) , and combined them (and additional subspecies) into one superspecies, E. e. diurnus (Dufour 1841). The cunii form was given subspecies status Hartley and Warne, 1984) . Later studies questioned whether cunii was a valid subspecies: allozymes showed very low genetic divergence between the three forms, and any potential diagnostic traits in these studies were linked by non-coincident, extremely wide clines (Oudman et al, 1989 (Oudman et al, , 1990 Duijm, 1990) .
However, a mtDNA RFLP study supported the existence of E. e. vitium as a valid subspecies (Ritchie et al, 2001) . A previous RAPD-based phylogeny also showed a genetic subdivision within the species, although this analysis was geographically limited (Ritchie et al, 1997) . Partial Mantel tests and other analyses implied that most intraspecific variation originated through isolation in refugia, although environmental factors were found to influence body size (Kidd and Ritchie, 2000) and the pattern of mtDNA variation (Ritchie et al, 2001 ). E. e. vitium was thought likely to have migrated west across Europe from a refugium in the east, for example, the Balkans or Caucasus, whereas the other forms (cunii and cruciger) showed some geographic structuring and were thought to have possibly arisen from multiple Iberian refugia (Ritchie et al, 2001) . However, the phylogenies produced by these studies were not well resolved, and the markers were not fully characterised.
This study uses mtDNA sequencing to construct an intraspecific phylogeny for E. ephippiger from more extensive samples of the cricket from Southern France. DNA sequencing is expected to be more phylogenetically informative than the RAPD or RFLP analysis used previously, and allows us to consider the potential time scale involved. A well-resolved phylogeny for the species is necessary to interpret the intraspecific behavioural variation observed in previous studies of sexual selection and communication in E. ephippiger (Busnel, 1963; Duijm, 1990; Ritchie, 1996 Ritchie, , 2000 Greenfield et al, 2004; Berg and Greenfield, 2005; Spooner, 2005) . We found an unusual distribution and genetic divergence of mtDNA haplotypes among Southern French populations, which is largely independent of their usual taxonomy and morphological and behavioural variation.
Materials and methods
Hind leg tissue samples were taken from 132 E. ephipigger in 28 field populations across Southern France between 2001 and 2003 ( Figure 2 ). Samples were also collected from E. provincialis, E. terrestris and Steropleurus catalaunicus for outgroups. Each sample was initially identified to subspecies in the field based on its morphology and calling behaviour (a few were intermediate and classified as hybrids). Our samples incorporate all the subspecies known to occur in this region. E. e. moralesagacinoi, described from the Western Pyrenees, was suppressed by Oudman et al (1990) , who could not distinguish it from E. e. cunii. Other subspecies (E. e. vicheti and E. e. ephippiger) are from a disjunct eastern distribution. The vitium form is found in South-eastern and central France, and is characterised by monosyllabic song, small size and green colour. Cunii is polysyllabic (3-5 syllables per chirp), is almost black in colour and is found in Catalonia (the eastern Pyrenees). Our cunii samples are mainly from three Pyreneen valleys: Capcir, formed by the river Aude (which continues north into Ariège then the Languedoc), Conflent, formed by the river Têt, and Cerdagne, formed by the river Segre. Cruciger is from the Languedoc region (along the Mediterranean coast) and is much larger and lighter in colour than cunii and vitium. It has a polysyllabic calling song (4-8 syllables per chirp) and Phylogeography of the bushcricket E. ephippiger LJ Spooner and MG Ritchie has a melanised cross on the pronotum (Hartley and Warne, 1984; Oudman et al, 1990) . Figure 1 shows the regions and distributions.
Two mitochondrial sequences, cytochrome oxidase II (COII, 530 bp) and cytochrome b (cyt b, 450 bp), were sequenced for every individual. The primers used for COII were: forward, C2-J-3279 (5 0 -GGACAAACAATT GAGTTAATTGGAAC-3 0 ) and reverse, TD-N-3862 (5 0 -TTTAGATTGACATTCTAATGTTAT-3 0 ), developed from universal insect primers (Simon et al, 1994) , which amplify most of COII and the adjoining tRNA (lysine) genes (figures are in the appendix of Simon et al, 1994) . PCRs for COII were carried out in 25 ml volumes containing 25 pM each of forward and reverse primers, 1.5 mM MgCl 2 , 1 Â BioTaq PCR NH 4 þ buffer, 0.04 mM of each dNTP, 0.5 ml DNA template (approximately 20 ng) and 2 m BioTaq DNA polymerase. The PCR reactions were 2 min at 951C, followed by 40 cycles at 941C for 30 s, 481C for 45 s and 721C for 1 min, and a final step at 721C for 10 s.
The cyt b primers used were: forward (5 0 -CTACCAT GAGGACAAATATC-3 0 ) and reverse (5 0 -ATTACACCTC CTAATTTATTAGGAAT-3 0 ). These were designed for E. ephippiger following sequencing using primers for the cyt b gene from Simon et al (1994) . PCR conditions for cyt b were the same as those for COII, except that 30 pM of each of the forward and reverse primers were used, along with 0.08 mM of each dNTP and 0.5 m BioTaq. DNA amplification conditions were as above, except the annealing stage was at 451C for 45 s. PCR products were purified, then sequenced on an ABI 3730 capillary DNA sequencer. Sequences were checked using Chromas 1.45 and MEGA 2.1 (Kumar et al, 2001) , and aligned with ClustalX (Thompson et al, 1997) using a gap penalty of 15% and a gap extension penalty of 0.20. All sequences were deposited in Genbank under the accession numbers DQ106622-DQ106738 (COII) and DQ106739-DQ106849 (cyt b).
The optimum models for nucleotide substitution analyses were found separately for the COII and cyt b data sets using Modeltest 3.06 (Posada and Crandall, 1998) . Separate intraspecific phylogenies were estimated for the COII and cyt b sequences using the minimum evolution algorithm in PAUP* 4.0 (Swofford, 1998; Nei and Kumar, 2000) . A heuristic search was used for each analysis, with MaxTrees set to 1000. One thousand bootstrap replicates (resampling with replacement) were used for each data set to obtain a 50% majority-rule consensus tree with compatible groups. To test for substitution rate variation, likelihood scores were calculated for the shortest minimum evolution tree obtained with or without a clock assumption and the scores compared using a likelihood ratio test.
In order to further examine the relationships between haplotypes, a haplotype network analysis was carried out for the COII data. The statistical parsimony approach (Templeton et al, 1992) implemented in TCS (Clement et al, 2000) failed to resolve the relationships between clusters, producing unlinked clusters and several independent haplotypes, even with the connection limit dropped to 90%. The median-joining network approach of Bandelt et al (1999) , which creates median vectors of consensus sequences to aid network spanning, produced 
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Phylogeography of the bushcricket E. ephippiger LJ Spooner and MG Ritchie a linked network uniting all haplotypes. All outgroup sequences were removed before constructing any network. Simulations suggest that median-joining is as reliable as maximum parsimony in resolving networks (Cassens et al, 2005) . Genetic diversity and distance measures were made with MEGA (Kumar et al, 2001) .
Results

COII
All the COII samples obtained, from ingroups and outgroups, were aligned without indels and translated into proteins. Modeltest (Posada and Crandall, 1998) found the best-fit model was Tamura-Nei þ I þ G with unequal base frequencies, unequal rates of change according to substitution type and among-site substitution rate variation. The proportion of invariant sites (I) was 0.3245 and the distribution of rates at variable sites (gamma or G) was 0.7422. The base frequencies used were: A ¼ 0.3093, C ¼ 0.2264, G ¼ 0.1379, T ¼ 0.3264, and a substitution rate matrix was also calculated (
The resulting phylogeny (Figure 3 ) revealed substantial geographic structuring, with four main clades. The haplotype network (Figure 4 ) confirmed the four distinct genetic clusters, with 'loops' only present within clusters. The four groups tended to follow geography rather than traditional phylogenies. In Figure 3 , Clade 1 contained samples from Provence, the Massif Central and the Cévennes (South-eastern and central France, all vitium); Clade 2 mainly contained samples from the course of the river Aude (Capcir and the adjoining Ariège valley and Languedoc). Clade 3 contained samples from Conflent and from the Languedoc; and Clade 4 contained samples from Cerdagne. These four main clades were seen in each of the analyses. However, their relationships to each other were poorly resolved. Two samples were on long branches.
Individuals identified in the field as 'cunii' were present in three of the four clades. The three cuniicontaining clades correspond to the three main river valleys in the eastern Pyrenees (Capcir, Conflent and Cerdagne), with crickets from only an occasional population being found in more than one clade. These exceptions are crickets from Llagonne, which lies at the junction of all three valleys. Strikingly, the bushcrickets from each valley were as distinct from each other as vitium individuals were from other forms of E. ephippiger, and the 'cunii' bushcrickets from the Capcir valley appeared to be more closely related to vitium than to the cunii populations in the other two Pyrenean valleys. Sequences from individuals identified as cruciger were present in two clades, and vitium formed a distinct clade.
The mean Tamura-Nei genetic distance among the four main lineages was almost 14%. The net distances were lower, around 11%. Table 1 gives genetic diversity measures and distances between each clade (defined in Figure 3 ). The likelihood (-lnL) score for our shortest ME tree with a clock assumption was 4997.37, without a clock assumption of 4768.93. A likelihood ratio test rejects the clock assumption (w 2 ¼ 456.88, df ¼ 106, Po0.0001).
Cyt b
Aligning the cyt b sequences produced indels and noncoding sequences, which are probably nuclear copies (see Discussion). The phylogenetic tree was less geographically coherent than that for COII. The best-fit model found by Modeltest was Tamura Although the resultant minimum evolution tree ( Figure 5) showed the same major genetic divisions as the COII phylogeny, many of the clades had weak bootstrap support. In particular, the tree could not be rooted to give a monophyletic clade for the ingroups. Fourteen E. ephippiger individuals (from Languedoc and Capcir) were grouped with two of the outgroup species. Ten of the samples in this group possessed a frameshift indel consisting of a 5 BP deletion and a 1 BP insertion. The other four samples that clustered with the outgroup species all had a single base pair deletion between 100 and 110 BP, and long branch lengths that indicated a large number of base pair changes compared to the other cyt b sequences.
Discussion
The cyt b results reported here are probably compromised owing to the presence of nuclear pseudogene copies (Numts) of the cyt b gene (Lopez et al, 1994) . Numts are non-functioning copies of mitochondrial genes that have been transferred to the nucleus (Zhang and Hewitt, 1996; Mirol et al, 2000) and seem to be common in orthoptera (Bensasson et al, 2001) . They usually represent an ancestral form of the gene (Zhang and Hewitt, 1996) that has subsequently degenerated, so often cluster with an outgroup species. Indels are also common in pseudogenes (Mirol et al, 2000) . In fact, it appears that two nuclear copies of cyt b were amplified (one of the numts includes an indel, and the other does not). All of the COII sequences were potentially coding in that they translated into protein sequences using the insect mtDNA code. Given the extent of sequence divergence among these samples, for them to remain coding strongly implies that these are functional mitochondrial copies of this gene. All subsequent discussion of the E. ephippiger phylogeny has therefore been limited to the COII results.
The patterns found are unusual given the typical phylogeographic history of species from this region, and raise novel questions about the colonisation history or persistence of organisms in the Pyrenees during the Pleistocene. We have found that E. ephippiger from Southern France broadly divides into four geographically coherent deep mtDNA clades ('phylogroups', Avise et al, 1998) which do not follow current taxonomies Hartley and Warne, 1984; Ritchie et al, 2001) . The vitium form, thought by Ritchie et al (2001) to originate from an eastern refugium, is probably distinct (and is also usually behaviourally different, although the monosyllabic song does not precisely match our 'Clade 1', Duijm, 1990) . Whether vitium is a valid subspecies is difficult to infer with confidence from this mtDNA data alone. It almost perfectly corresponds to Clade 1, but there are other behaviourally and morphologically similar subspecies (E. e. vichetti and E. e. ephippiger) from eastern Europe which we were not able to include in this survey. We can conclude that the cruciger and cunii forms are not taxonomically valid as they are polyphyletic and consist of a number of divergent and possibly ancient haplotypes that correspond to major river valleys in the region rather than taxonomy, behaviour or morphology. These conclusions conform closely to those of Oudman et al (1990) who suggested that the whole complex be termed the variable species E. e. diurnus, with broad and relatively independent clinal variation, although a firm conclusion should await further sampling (and Kidd and Ritchie, 2000 seemed to detect some coincidence in these clines around the area of the Aude river).
The three well-supported clades that contain cunii and cruciger individuals correspond to the three major river valleys in the eastern Pyrenees (Cerdagne, Conflent and Capcir, Figures 1, 2 and 3) . The mtDNA of bushcrickets from these adjoining valleys is very distinct, with net genetic distances over 10%. Similar geographically structured mtDNA variation within Pyrenean samples was suggested in a previous mtDNA RFLP analysis (Ritchie et al, 2001) , although a phylogeny based on RAPDs did not show these divisions (Ritchie et al, 1997) . The extent of sequence divergence is surprising, as bushcrickets from all three valleys are morphologically and behaviourally very similar and have previously been shown to have low genetic distances at allozyme loci (Oudman et al, 1990; Kidd and Ritchie, 2000; Spooner, 2005) . The mountain ranges (B2500 m in altitude) between the three river valleys appear to be severely limiting gene flow between them. E. ephippiger usually has a much lower maximum altitude, so the mountains act as effective barriers to gene flow among the three valleys. However, the top of each valley meets at Figure 3 Intraspecific phylogeny for E. ephippiger. Minimum evolution tree produced from mtDNA sequencing of a 507 BP fragment of COII. The tree presented is the best-scoring tree after 1000 bootstrap replicates, and has a similar topography to the consensus tree. The geographic providence of each clade is indicated (and the type of cricket found there in brackets).
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Llagonne (1637 m altitude), so limited gene flow between the valleys is likely to be occurring now, as Llagonne samples occurred in each of the Pyrenean clades. The deep genetic divisions suggest that the three clades have been allopatric for some time. These phylogroups are likely to have originally migrated north from an Iberian refugium, but this must have occurred much earlier than most phylogeographic reconstructions of variation in this area suggest. The Pyrenees are a major 'suture zone' with many species or subspecies meeting in this region, but most, such as the well-characterised Chorthippus parallelus hybrid zone, seem to occur in relatively narrow secondary hybrid zones along the main mountain ridge (eg Butlin et al, 1992; Serrano et al, 1996) . They have usually been interpreted as a single broad contact, occurring independently in different valleys, but all taking place following the last climatic amelioration. Most valleys show similar clinal patterns, although widths can vary (Butlin et al, 1992; Hewitt, 1993; Butlin, 1998) . However, some lower valleys provide exceptions to typically simple clinal patterns (eg Buñ o et al, 1994) and perhaps differences between valleys are worth greater attention. The Pyrenees also contains narrow hybrid zones in birds (eg Bensch et al, 2002) , and Plantago media shows an interesting pattern of large differentiation in cpDNA haplotypes running east-west along the Pyrenees, which is related to mating system variation and may have occurred over several glacial cycles (van Dijk and Bakx-Schotman, 1997) . In probably the closest similarity to our results, the classic 'area effects' of Cepaea nemoralis are seen in both allozyme markers and banding patterns between Pyreneen valleys, and were partly assigned to independent invasions of valleys by already differentiated forms of this low-vagility organism (Ochman et al, 1983) . Other studies have shown the existence of cryptic taxa with considerable genetic divergence, despite little or no morphological differentiation. For example, phylogeographic analysis of the field vole Microtus agrestis found a divergent mitochondrial lineage in Southern Europe that had not been previously recognised in studies of morphology or karyotype (Jaarola and Searle, 2004) .
The lack of resolution of the relationship between the clades (the pattern of the deeper branches uniting them) makes it difficult to infer their evolutionary Figure 4 Median-joining network for the mtDNA haplotypes of E. ephippiger. Inferred median vectors are omitted for clarity, and the subspecies identification made in the field indicated by shading (blank ¼ vitium, grey ¼ cruciger, black ¼ cunii, shaded ¼ uncertain, usually an intermediate between cruciger and cunii). Branch lengths are approximately equal to inferred mutational steps, although some manipulation of short branches was carried out to reduce node overlap. Node size is proportional to the number of samples. The main geographic locations of clusters are indicated (samples from Llagonne, at the junction of the three Pyreneen valleys, are found in each cluster). Above the diagonal is the net between-group average Tamura-Nei genetic distance (and standard error). Below the diagonal is a simple average Tamura-Nei distance (and standard error).
history with confidence, but several existing or novel hypotheses for their origin can be briefly discussed (Figure 6a-d) :
(a) A Southern form migrated north from Iberia by two separate routes, with subsequent divergence and adaptation to mountain or lowland habitats. Bush- Figure 5 Intraspecific cyt b phylogeny for E. ephippiger. Minimum evolution tree produced from mtDNA sequencing of a 428 BP fragment of cyt b. The tree presented is the best-scoring tree after 1000 replicates, and has a similar topography to the consensus tree. Potential pseudogenes are indicated (*). (Rohling et al, 1998; Ritchie et al, 2001 ).
(d) The phylogroups originate from separate refugia in Iberia during recent glaciations (Ritchie et al, 2001) . They then invaded the South of France via different routes, and come into contact at higher altitudes in the Pyrenees. This is compatible with the genetic distinctiveness of bushcrickets from Cerdagne, but less so with the differences between the other valleys.
Genetic divergence between lineages
The level of divergence among the clades found here was extremely high at 10-14% (the level of divergence was similar for the coding cytb sequences, so this is not confined to one mitochondrial gene). In the comparative study of Taberlet et al, 1998 , east versus west European subspecies of a broad range of organisms, including insects, mammals and plants, typically show mtDNA divergence of around 5%, compatible with Pleistocene differentiation. Given an approximate insect mtDNA divergence rate of 2% per million years (Brown et al, 1979; Brower, 1994; Fleischer et al, 1998; Lunt et al, 1998) , the divergence between valleys seen here translates to a divergence time of 5-7 million years ago, that is, early Pliocene divergence. This is more typical of interspecific, or even higher, divergence in insects (Funk, 1999; Trewick and Morgan-Richards, 2005) and is rather surprising, as bushcrickets from each clade are probably not reproductively isolated (they have similar courtship songs and preferences and some crosses between them have been made successfully, Ritchie, 2000) . There seem two possible non-exclusive explanations -the phylogroups are extremely old, or COII evolves particularly quickly in this species. Large ice sheets began to form 2.4 Mya in Europe (Webb and Bartlein, 1992) , and there have been climatic oscillations dating back to the Tertiary that were sufficient to produce major range changes for many species (Hewitt, 1996) . It is therefore likely that the current patterns in E. ephippiger reflect Pleistocene glaciations acting on existing, much older, patterns of diversity within the species, which have accumulated over several interglacials. E. ephippiger shows characteristic signs of repeated and recent range changes, for example, the complex, non-concordant clines in different traits (Oudman et al, 1989 (Oudman et al, , 1990 Duijm, 1990; Ritchie et al, 2001) . The only similar results we can find are those of Trewick et al (2000) , who found mtDNA differences of a similar magnitude between populations of the alpine scree weta, another flightless orthopteran, confirming that isolation which predates Pleistocene glaciations can result in extensive intraspecific divergence without speciation. However, the reasons for the lack of greater divergence in other traits remain curious. Hewitt (1996) discusses how cycles of isolation may accumulate differences over a great period, so we should perhaps not be surprised to find that genetic divergence often implicates a time scale much greater than the most recent ice age. However, a considerable debate ensued (Lovette, 2005) when a comparative study of North American songbirds found that the 35 sister species had a protracted history of speciation over the last 5 million years, when they were previously thought to have diverged during the late Pleistocene (Klicka and Zink, 1997) .
There are two intriguing alternatives to the 'accumulation' model described above. Firstly, it is generally assumed that mountain barriers such as the Pyrenees were completely inhospitable during Pleistocene cold spells, but our results could suggest that this bushcricket somehow persisted in the lower regions of the valleys during more recent glacial periods. Alternatively, the sequence may evolve particularly quickly in Ephippiger. The likelihood ratio test rejects the constant substitution rate model for the tree, so there is clear evidence of rate variation. Other studies have recently questioned the use of molecular clocks; between species, divergence may reflect effective substitution rates and contrast with mutation rates seen within species (Ho and Larson, 2006) , and hence the clock would be far from consistent. However, this seems unlikely to explain why Ephippiger shows higher within-species variation than other insect or orthopteran species, as other studies of mtDNA divergence do not imply a typically faster overall rate of divergence (eg Lunt et al, 1998) . Alternatively, some studies have recently suggested that mtDNA may not be neutral but be under climatic selection (Mishmar et al, 2003; Bazin et al, 2006) . Selection on mtDNA, acting independently in the different valleys, would exaggerate their divergence. Ritchie et al (2001) found that the mtRFLP variation in Ephippiger was partly explained by climate, a result they assumed would be indirect via an influence of climate on genetic introgression following secondary contact, but perhaps a direct role of climate on mtDNA is worth further consideration.
Conclusions
Geographic variation within Southern European E. ephippiger is complex, with unusual non-concordant patterns of genetic, morphological and behavioural variation in this species. MtDNA clades are suprisingly divergent. The vitium form is perhaps distinct, but the cunii and cruciger forms are polyphyletic, with their mtDNA showing three clades that are more coincident with geographic Pyrenean valleys than morphology or behaviour. Cunii bushcrickets in all three clades have similar calling songs (Duijm, 1990) and mate preferences (Ritchie, 1996 (Ritchie, , 2000 Spooner, 2005) . Either this organism has persisted in different Pyrenean valleys for longer than previously expected from other phylogeographic studies of this area, or mtDNA is evolving rapidly, possibly under selection.
